can be related to transient tuning across the complex phase diagram. 10 In this Letter, we combine a state-of-the-art trARPES setup 19, 23 with molecular beam epitaxy (MBE) 7 to study FeSe/STO systems. We observe coherent phonon oscillations in 1 UC, 3 UC, and 60 UC FeSe films. The phonon frequency evolves from 5.00±0.02 THz for the 1 UC film to 5.25± 0.02 THz for the 60 UC film. By comparing to a Raman scattering experiment, 24 we attribute this mode to a Se A 1g phonon. Our phonon frequency calculation based on density functional theory (DFT) suggests that the A 1g phonon softening in 1 UC films is predominantly due to a substrateinduced lattice strain.
Details of the experimental setups for trARPES and MBE are discussed elsewhere. 7, 23 We anneal 0.05%-wt Nb-doped SrTiO 3 substrates at 800 • C for 15 minutes. Ultrahigh purity selenium (99.999%) and iron (99.995%) are then evaporated to the SrTiO 3 substrates at 380 • C, resulting in high quality thin films checked by reflection high-energy electron diffraction. The films are transferred to the trARPES system via a vacuum suitcase with a base pressure of 5 × 10 −10 Torr.
For trARPES, we use a Coherent RegA Ti:Sapphire laser system operating at 312 kHz repetition rate. We excite the thin films using ∼50 fs, 1.5 eV pump pulses, and probe the ensuing dynamics by photoemitting electrons at variable time delays using ∼100 fs, 6 eV pulses. The energy resolution is ∼ 22 meV. For all measurements we use an incident pump fluence of 0.54 mJ.cm −2 , and maintain an equilibrium sample temperature of 20 K. We do not resolve dependence of the phonon frequencies on the pump fluence within the range of 0.07 ∼ 0.54 mJ.cm −2 . DFT calculations were performed using the Quantum-Espresso package using PAW pseudopotentials. 25 For comparison, calculations were done using the PBE 26 and PBEsol 27 functionals. We used a 11 × 11 × 7 momentum grid; the wave function and density cutoffs were 60 Ry and 600 Ry, respectively.
We show trARPES spectra near the Brillouin zone center for 1 UC, 3 UC, and 60 UC FeSe/STO in Fig. 1 I 0 stands for the intensity before time zero. We use a 10th-order polynomial to account for the smooth backgrounds (solid black lines), and plot the fitting residuals which reveal oscillations with periods ∼200 fs.
lower binding energies as reported in the literature. 6 The observed bands are shifted up towards E F when increasing the film thickness from 1 UC to 3 UC, which is consistent with a previous ARPES investigation and signifies a change in the charge transfer from the substrate to the film. 7 According to the literature, 6, 7 there are two hole-like bands in the spectral region of Band 1 in multi-layer FeSe films. In our data, a fine splitting near E F is indeed observed for 60 UC films before time zero, yet it is not observed for 3 UC films possibly due to the finite energy resolution.
At time zero, the optical excitation creates a non-equilibrium electron distribution. For all film thicknesses, the spectral peaks for Band 1 near E F are almost depleted near time zero, while those for Band 2 are partially depleted. During the relaxation process, periodic modulations of the spectral intensities can be observed for all three thicknesses. As shown in Fig. 1 (a)∼(c), we choose energy-momentum windows to be centered at these bands, and integrate the intensities within these windows. The corresponding intensity dynamics in panels (d)∼(f) clearly display oscillations with periods of ∼ 200 fs (frequencies of ∼ 5 THz). We subtract smooth backgrounds by fitting the intensity dynamics with a 10 th order polynomial. All fitting residuals exhibit these oscillations.
We present a more detailed frequency analysis in Fig. 2 . To highlight small frequency shifts, we use dashed lines to trace the oscillation peaks in Fig. 2(a) . While the oscillation peaks at early delays are temporally aligned, the peaks for the 1 UC and 3 UC films at t > 1000 fs are systematically delayed. This comparison suggests a softening of the oscillation frequency for thinner films.
Quantitatively, we fit the residual traces with the functional form of A 0 exp (−t/τ) cos (2π f t + φ ).
The frequency softens from 5.25 ± 0.02 THz for the 60 UC film to 5.00 ± 0.02 THz for the 1 UC film, in agreement with the trend in the Fourier transforms of the residual traces (Fig. 2(c) ). Table 1 further demonstrates that this softening applies to both observed bands. Fig. 2(a) ) for different bands and film thicknesses In addition to their intensities, the binding energies of the bands also exhibit ∼ 5 THz oscillations. We demonstrate this using the 60 UC data, as the sharp bands observed therein permit a robust dispersion analysis. Since no band splitting is observed near E F after the pump excitation, we fit the energy distribution curves using two Gaussian peaks multiplied with a Fermi-Dirac distribution ( Fig. 3(a) ). In Fig. 3 (b) we demonstrate the corresponding dispersion for Band 1 at 1500 fs. These transient dispersions are then fitted using a parabola with a delay-dependent rigid energy shift (Fig. 3(c) ). This energy shift exhibits oscillations of frequency 5.23 ± 0.02 THz in agreement with the intensity analysis in Fig. 2 .
To determine whether the ∼ 5 THz modes originate from FeSe or STO, we perform a control experiment on a Au film of a few nm thickness on a STO substrate. As shown in Fig. 4 , the data on Au/STO displays no detectable oscillations, which suggests that the ∼ 5 THz modes on FeSe/STO are primarily from FeSe thin films.
In accordance with a Raman scattering experiment on bulk FeSe, 24 we assign the ∼ 5 THz 28 This has been demonstrated in a variety of materials such as Bi, 20 Sb, 28 Bi 2 Se 3 , 19 and Fe-based superconductors. [10] [11] [12] 21, 22 Our observation of a dominant A 1g mode is consistent with this general picture.
To understand the softening of the A 1g mode with decreasing film thickness, it is important to consider the strong coupling between the first UC of FeSe and the STO substrate. [3] [4] [5] [6] [7] One critical effect due to the substrate is the FeSe lattice strain. 6, 29 The in-plane lattice constant a of FeSe increases from 3.77 Å in bulk crystals 8 to 3.9 Å in 1 UC thin films matching the STO lattice constant. 6 As shown in Fig. 5 , this lattice strain causes the Fe-Se-Fe bond angle to increase, which results in a lower restoring force for out-of-plane Se displacements. Here we use DFT calculations to compare the A 1g frequencies for 1 UC FeSe with a freely relaxed lattice constant, and the one with a constrained lattice constant. We find that the lattice strain produces a 4% A 1g phonon softening, which agrees well with our experimental value of 5% softening. Additional mechanisms such as interlayer interactions 19, 30, 31 and interface dipole field 7, 32, 33 may also need to be incorporated for a complete understanding.
Our experiment demonstrates the high potential of integrating MBE sample growth with trARPES measurements. In particular, it allows us to resolve the phonon softening of 0.25 ± 0.03 THz (1.0 ± 0.1 meV) on multiple bands. This result would be difficult to obtain using traditional ARPES, and complements Raman spectroscopy by providing band sensitivity. With the capability of engineering materials on an atomic scale and studying them in non-equilibrium, this combined approach provides a platform to design and characterize electronic and lattice properties of nanoscale materials. One limitation is that the photon energy of 6 eV does not allow us to reach the electron pocket at the Brillouin zone boundary where the superconducting gap is located. [4] [5] [6] [7] This limitation can be overcome using higher energy probe photons. 34 The observation of the A 1g mode for the chalcogen or pnictogen atoms in the Fe-based superconductors has important implications. [10] [11] [12] 21, 22 In particular, this oscillation transiently modulates the Fe-chalcogen or Fe-pnictogen bond angle (Fig. 5 ), which in turn modifies the effective carrier density in the Fe 3d orbitals. 10, 22 A number of experiments have shown that the bond angle is correlated with T c for a variety of Fe-based superconductors. [13] [14] [15] [16] [17] It is intriguing that the observed A 1g phonon frequency is softened in 1 UC FeSe films, which coincides with a dramatically enhanced T c . Understanding the relationship between bond angle, phonon frequency, and electronphonon coupling strength will be an important ingredient to identify the microscopic mechanism for high T c in 1 UC FeSe/STO.
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